Effective growth of multiwalled boron nitride nanotubes (BNNTs) has been obtained by thermal chemical vapor deposition (CVD). This is achieved by a growth vapor trapping approach as guided by the theory of nucleation. Our results enable the growth of BNNTs in a conventional horizontal tube furnace within an hour at 1200
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Boron nitride nanotubes (BNNTs) were theoretical prediction in 1994 [1, 2] and experimental realization in the following year [3] . Like carbon nanotubes (CNTs), BNNTs posess extraordinary structural and mechanical properties. In addition, BNNTs have a higher oxidation resistance than CNTs and a wider bandgap (∼5.5 eV) that is insensitive to tube diameter, number of walls and chirality [2] . In the past decade, BNNTs have been grown by arc discharge [3] [4] [5] , laser ablation [6] , substitution reaction of BN atoms from CNT template [7] , ball-milling [8] , and chemical vapor deposition (CVD) using borazine [9] . However, these techniques either require high growth temperatures or dangerous chemicals, and the products are filled with impurities. Recently, we have successfully carried out the low temperature growth of pure BNNTs at 600
• C by a plasma-enhanced pulsed-laser deposition (PE-PLD) technique [10] . For the first time, our PE-PLD technique enabled the direct growth of vertically-aligned BNNTs on substrates with controllable patterns. However, all these reported techniques required specific experimental systems that are not commonly used for the growth of other nanostructures like CNTs and nanowires. This situation has limited the experimental study of the properties of BNNTs. 3 Author to whom any correspondence should be addressed.
Apparently, convenient growth techniques for BNNTs are desired in order to enhance future investigation on the properties and the applications of BNNTs. The most prospective approach is thermal CVD, which has gained popularity for the growth of CNTs and various ZnO nanostructures. The boric oxide CVD (BOCVD) method is considered as a significant advancement for the synthesis of BNNTs [11, 12] . In the BOCVD technique, B, MgO and other metal oxides are used as the precursors. Induction heating is applied to activate the precursors at temperature >1300
• C. Volatile B x O y vapors generated in these reactions is carried by Ar gas to interact with ammonia gas to form BNNTs. This technique requires a specially designed vertical induction furnace with rapid heating and a large temperature gradient.
Here we demonstrate a simple approach for the growth of BNNTs in a conventional horizontal tube furnace consisting of a quartz tube vacuum chamber. A similar growth system has been commonly used for the synthesis of CNTs [13, 14] and various ZnO nanostructures [15, 16] . Thus we think that our approach can be easily reproduced by researchers working on the growth of CNTs and nanowires and enhance the research activity of BNNTs. The essential accessory of our experimental setup is a quartz test tube which is 60 cm A total of 100 mg of these powders were placed in an alumina combustion boat and loaded into the quartz vacuum chamber so that the closed-end of the test tube is located at the center of the heating zone as shown in figure 1(a). Several substrates can be placed on top of the alumina boat for the deposition of BNNTs. The quartz tube chamber was evacuated to about ∼30 mTorr before 200 sccm of NH 3 gas was flowed into the chamber. Subsequently, the precursors were heated to 1200
• C and held for 1 h. At this temperature, reactive B x O y vapors will be generated and react with NH 3 gas to form BNNTs. We believed that FeO (or Fe 2 O 3 ) and MgO are serving as the catalyst for these reactions. White coatings (BNNTs) can be observed on the precursor materials, on the test tube, and around the inner side walls of the alumina boat ( figure 1(b) ). These BNNTs can also be coated on substrates placed on top of the combustion boat. Figure 2 (a) is a scanning electron microscopy (SEM) (Hitachi S-4700) image, which shows the morphologies of the as-grown BNNTs. Clean and long BNNTs can be clearly observed on the as-grown products. The typical diameter of these tubes is range from 10 to 100 nm, depending on the experiment parameters. The length is estimated to be longer than 10 μm. Transmission electron microscopy (TEM) indicates that these BNNTs contain high-order tubular structures (figures 2(b) and (c)), with some amorphous BN coatings on the side walls. Energy filtered imaging was applied to identify the compositional property of these BNNTs. As shown in figure 2(d), the mapping of boron and nitrogen atoms indicate that this is a BNNT. Carbon is not detected since no carbon source was used in the growth. This was then reconfirmed by electron energy loss spectroscopy (EELS). As shown in figure 2(e), sharp boron and nitrogen K-edge bands were detected, which composed of both the π * and σ * peaks that are typical for sp 2 bonded BN networks. The as-grown BNNT samples were also characterized by Raman and Fourier transformed infrared (FTIR) spectroscopy. Raman spectra were collected as excited by a HeCd (λ = 325 nm) laser (Jobin-Yvon LabRAM HR800). A sharp Raman peak at ∼1367 cm −1 can be detected ( figure 3(a) ), which corresponds to the well-known E 2g in-plane vibrational mode of the hexagonal BN (h-BN) networks. The FTIR spectra were taken in a transmission mode on BNNTs dispersed on a thin Si substrate under a FTIR microscope (Jasco IRT-3000). We correlate our FTIR spectrum of BNNTs with the reported ab initio calculations that demonstrate the IR active modes by the zone-folding method [17, 18] . Although these theoretical works are based on isolated single wall tubes, it has been justified that the effect of bundling on the phonon frequency is low [17, 18] . Experimentally, we found that the effect of multiwalled nanotubes on the phonon frequency is insignificant. As shown in figure 3(b) , three absorption frequency regimes can be obviously distinguishable at ∼809, ∼1369, and ∼1545 cm −1 .
The absorption bands at ∼1369 and ∼1545 cm −1 are attributed to the in-plane stretching modes of the hexagonal BN (h-BN) networks. This has been explained by the zonefolding method, which considered BNNTs as the seamless cylindrical rolls of h-BN sheets [17] . The intense ∼1369 cm band is corresponding to the transverse optical (TO) mode of h-BN sheets that vibrates along the longitudinal (L) or tube axis of a BNNT, as shown in figure 3(c) . The absorption band at ∼1545 cm −1 is assigned to the stretching of the h-BN network along the tangential (T) directions of a BNNT (see figure 3(d) ). This stretching mode is corresponding to the longitudinal optical (LO) mode of the h-BN sheets, which is Raman inactive. It is also worth noting that this LO mode smears out for h-BN bulks or thin films, and only shows up when the tube curvature induces a strain on the h-BN networks. Thus, we suggest that only highly crystalline BNNTs would show up this LO mode. In addition, we note that the T mode vibration may shift between ∼1530 and ∼1545 cm −1 , from sample to sample. This is explained by the change of the average diameter of BNNTs in different samples, attributed to different curvatures of the h-BN sheets in BNNTs and thus the induced lattice strains along the tangential directions of the nanotubes as can be visualized in figure 3(d) .
The weak absorption at ∼809 cm −1 is associated with the out-of-plane radial buckling (R) mode where boron and nitrogen atoms are moving radially inward or outward (as illustrated in figure 3(e) ) [17] . This interpretation is also identical to the out-of-plane bending mode of h-BN films [19] with a small shift in wavenumber due to the strain developed on the tubular h-BN network in BNNTs. More interestingly, we always observe a splitting of this R mode vibration at ∼800 and ∼815 cm −1 , as highlighted in the inset of figure 3(b) . Tentatively, we think that the splitting of the radial buckling vibration is related to the complex interaction of buckling vibration at different h-BN sheets that have different diameters and chiralities. However, the origin of this splitting will require further theoretical and experimental analysis in the future.
UV-visible absorption spectroscopy (HP 8453 Spectrophotometer) was also used to further characterize the asgrown BNNTs. This was performed by a suspension of BNNTs in ethanol. As shown in figure 4 , a strong absorption at ∼5.9 eV was detected. This is corresponding to the optical bandgap of BNNTs. The absorption band at ∼4.75 eV is due to the intrinsic dark exciton absorption, which is in very good agreement with the theoretical calculation [20, 21] . We suggest that the relatively small absorption at ∼3.7 eV may be associated with defects of the BNNTs [22] . The optical band gap detected here is larger than that reported for BNNTs (5.5 eV) grown by BOCVD in induction furnaces at higher growth temperatures [22] . The bandgap of our BNNTs is comparable to that of single wall BNNTs [23] and hexagonal BN single crystals [24] .
The success of our experiments in fact is guided by the theory of nucleation [15, 25] . The probability of nuclei formation is given by P N = A exp(
, where A is a constant, σ is the surface energy, α − 1 is the supersaturation, where α = p/ p o . In this case p is the vapor pressure of the growth species, p o is the equilibrium vapor pressure of the condensed phase, k is the Boltzmann constant, and T is the temperature in Kelvin. In other words, at constant growth conditions, T and assuming a constant surface energy (σ ) throughout the experiment, it is possible to enhance α and the nucleation probability (P N ) of both the catalyst particles and BNNTs by trapping the reactive vapor pressure ( p) to a critical level. In our case, the surface energy is referring to that of the catalyst particles which induce the formation of BNNTs. Higher vapor pressures (and thus α) are proven to enhance the yield of BNNTs in a series of experiments with more precursor powders. The details will be discussed in the future. It is notable that the yield of BNNTs is also higher when the combustion boat is partially covered by substrates, as illustrated in figure 5 . As shown, the small closed-end quartz tube and the substrates on top of the combustion boat help to accumulate and trap the growth vapors so as to increase the nucleation rates of BNNTs which react with NH 3 gas. Besides, the close-end quartz tube is placed in such a way that the open end is faced against the NH 3 flow. This configuration avoids direct NH 3 flow across the reaction zone and prevents the reactive growth vapors being carried away before reaching the critical vapor pressure for effective nucleation of BNNTs. NH 3 gas can diffuse into the reaction zone from the openedend of the test tube for the nucleation and growth of BNNTs. We have experimentally verified that BNNTs can not be grown when the closed-end quartz was replaced with an opened-end tube.
Although the success of our experiments is based on the enhanced nucleation rate of the catalyst, the nucleation theory does not provide information about the growth mechanism of the BNNTs. We propose that the growth of BNNTs is based on the vapor-liquid-solid (VLS) mechanism [26] . During the reaction of the precursor powders, growth vapors containing both BN and catalyst species are generated. When the vapor pressure is sufficient, the catalyst vapors will condense into liquid (or partially melted) particles.The BN species will start to dissolve into the catalyst, cause supersaturation and lead to the precipitation of BNNTs. The formation of these BNNTs depends on the sizes of these catalyst particles and the partial pressure of BN growth species. Apparently within the tested range of our experimental parameters, these particles are within the appropriate nanoscale that enables the formation of BNNTs described here. Larger droplets could also be condensed but these particles did not lead to the growth of large diameter BNNTs since they require more BN growth species to cause supersaturation.
In summary, we have demonstrated a simple procedure for effective growth of BNNTs in a conventional horizontal tube furnace. This was obtained by trapping the reactive growth vapors using a closed-end test tube, as guided by the theory of nucleation. Our procedures can be easily reproduced by others and thus will promote future research activity on BNNTs.
